We used coalescent simulations to determine the incidence and expected length of regions resulting 4 from incomplete lineage sorting in modern humans. Using a model of human demographic history 5 (Yang et al. 2014 ), we estimated the fraction of lineage sorting in modern humans in regards to 6 Neandertals and Denisovans. In simulations with 370 African chromosomes, and assuming a uniform 7 recombination rate, about 10% of the archaic genome is more divergent than the time to the most 8 recent common ancestor of all sampled human variation. The length of the external regions is expected 9
to be about 0.0016 cM (95%-CI: 0.001-0.0095 cM; e.g. 1-9.5kb for a recombination rate of 1cM/Mb) 10 with the longest regions in the order of 0.02 cM. In contrast, internal regions are expected to be 0.012 11 cM long (95%-CI: 0.0097-0.07 cM). 12 To detect regions of Extended Lineage Sorting, we modeled the changes of local genealogies along the 2 genome with a hidden Markov model. We distinguish two types of genealogies, internal or external, 3 depending on whether the archaic lineage falls inside or outside of the human variation respectively 4 ( Figure 3A) . The model includes a third state corresponding to extended lineage sorting, and external 5 regions produced by this state are required to be longer, on average, than those produced by the 6 external state. The three states are inferred from the state of the archaic allele (ancestral or derived) 7
M
either at a polymorphic position in modern humans or at a position where modern humans carry a 8 fixed derived variant. In the following, we describe the different statistical properties expected for 9 each type of genealogy. 10 We first consider external regions. At modern human polymorphic sites, the archaic genome is 11 expected to carry the ancestral variant since the derived variant would indicate incomplete lineage 12 sorting. To account for sequencing errors or misassignment of the ancestral state, we allow a 13 probability of 0.01 for carrying the derived allele (see Material and Methods). At sites where the 14 derived allele is fixed, the archaic genome will often carry the derived state, if the fixation event 15 occurred before the split of the archaic from the modern human lineage, or, occasionally, the ancestral 16 state, if the fixation event is more recent and occurred after the split. 17 For internal regions, the archaic is expected to share the derived allele at modern human fixed derived 18 sites, but can carry the ancestral allele in our model to accommodate errors, albeit with low 19 probability. In contrast, at sites that are polymorphic in modern humans, the probabilities of observing 20 the ancestral or the derived allele in the archaic genome will depend on the age of the derived variant, 21 with young variants being less likely to be shared compared to older variants. The frequency of the 22 derived variant in the modern human population can be used as a proxy for its age and the emission 23 probabilities in our model take the modern human derived allele frequency into account (see Material  24 and Methods).
We modeled the transition probabilities between internal and external regions (related to the length of 1 the regions) by exponential distributions. We first investigated the performance of the parameter inference on simulated data under neutral 8 evolution. We found that the estimated probabilities for encountering ancestral/derived alleles in 9 external and internal regions fit the simulated parameters well (on average less than ± 0.08 from 10 simulated under all tested conditions) (Supplemental Figures S1 and S2 ), while the estimated length of 11 internal and external regions deviate more from the simulated lengths (around 15% overestimate of the 12 mean length, Supplemental Figure S3 ). However, we found that the model exhibits better accuracy in 13 labelling the correct genealogies with the estimated length parameters compared to the simulated true 14 values (Supplemental Figure S4) . This difference seems to originate from the difficulty in accurately 15 detecting very short external regions or internal regions with very few informative sites. We note that 16 detecting selection is not affected by this problem since we are primarily interested in detecting long 17 external regions. Including fixed differences improves the power to assign the correct genealogies 18 compared to a version of the method without this additional source of information (Supplemental 19 Figure S4 ). 20
We do not expect ELS regions to be detected in our neutral simulations and indeed we found that 21 either the estimated proportion of ELS converged to zero or the maximum likelihood estimate for the 22 length of ELS and external regions converge to the same value (49% and 51% of simulations 23 respectively). A likelihood ratio test comparing a model without the ELS state to the full model with 24 the ELS state also showed no significant improvement with the additional state in almost all neutralsimulations (only one likelihood ratio test out of 100 simulations showed a significant improvement 1 after Bonferroni correction for multiple testing). 2 We then evaluated the accuracy of the ELS method to assign the correct genealogy to regions based on 3 sequences obtained through coalescent simulations with selection ( Figure 3 , B and C). In these 4 simulations, the underlying genealogy at each site along the sequences is known and can be compared 5 to the estimates. To be conservative, we only focus on results with the smallest selection coefficient 6 (s=0.005) that produces regions long enough to be detectable. In Figure 3B we show the accuracy for 7 labelling the extended lineage sorting regions dependent on the posterior probability cutoff for the 8 ELS state. The results demonstrate that the model has sufficient power to accurately label sites that 9 experienced selection with a coefficient s>=0.005 and an occurrence of the beneficial mutation as long 10 as 600,000 years ago. 11
We also used the simulations of positive selection events (s=0.005) with two different times at which 12 the beneficial mutation occurred, 300kya and 600kya, to test how often the beneficial simulated 13 variant fall within a detected ELS region (Supplemental Table S1 ). To put this rate of true positives 14 into perspective, we also counted how many ELS regions did not overlap the selected variant (false 15 positives). A large fraction of selected mutations were detected (87-92%). However, we also found a 16 substantial fraction of false positive ELS regions (10-11%). When restricting detected ELS regions to 17 those that are longer than 0.025cM, we find less than 0.1% false positives compared to 65-68% true 18 positives. Not all simulated regions with a selection coefficient of 0.005 produce ELS regions of this 19 size, so that the rate of true positives for truly long regions is expected to be higher. For all following 20 analysis, we used this minimal length cutoff of 0.025 cM. 21
Background selection is defined as the constant removal of neutral alleles due to linked deleterious 23 mutations (Charlesworth et al. 1993) . In regions of the genome that undergo background selection, a 24 fraction of the population will not contribute to subsequent generations, causing a reduced effectivepopulation size. As a consequence, remaining neutral alleles can reach fixation faster than under 1 neutrality, potentially producing unusually long external regions that could be mistaken as signals of 2 positive selection. We investigated the effects of background selection by running forward simulations 3 with parameters that mimic the strength and extent of background selection estimated for the human 4 genome (Messer 2013). While background selection simulations did produce some long outlier 5 regions that fall outside the distribution observed in neutral simulations, most regions are still smaller 6 than regions simulated with positive selection at a conservative selection coefficient of 0.005 ( Figure  7 4A). Indeed, among the 1160 external regions detected in our simulations of background selection 8 (s=0.05, Figure 4A ) only six were labeled as ELS and only three passed the minimal length filter of 9 0.025 cM. 10
To identify ancient events of positive selection on the human lineage, we applied the ELS method to 12
African genomes from the 1000 genomes project (The 1000 Genomes Project Consortium 2012). We 13 disregarded non-African populations since Neandertal introgression in these populations could mask 14 selective sweeps and lead to false negatives. A model with ELS fits the data significantly better than a 15 model without the ELS state for all chromosomes and for both tested recombination maps (p-value < 16 1e-8, Supplemental Table S2) . 17 We identified 81 regions of human extended lineage sorting for which both recombination maps 18 support a genetic length greater than 0.025cM (average length: 0.05 cM). Depending on the 19 recombination map, the longest overlap between the maps is 0.12 (African-American map) or 0.17 20 (deCODE map) cM long, which is three to four times longer than the longest regions produced under 21 background selection in our simulations. An additional 233 regions are longer than 0.025cM according 22 to only one recombination map, with 71% of those additional regions showing support for the ELS 23 state using both recombination maps. This suggests that the variation in the candidate set mostly stems 24 from uncertainty about recombination rates. We will refer to the set of 81 regions as the core set(Supplemental File S1) and the set including the 233 putatively selected regions found with just one 1 recombination map as the extended set (314 regions, Supplemental File S2). Table S4 ). We found 23 regions from the core set (detected by both recombination 19 maps) overlapping with candidates from previous scans and 68 for the extended set (detected by at 20 least one recombination map); neither overlap is more than expected at random (P-values are 0.06 and 21 0.595 respectively). In contrast, our candidate regions overlap more often candidate regions from 3P-22 CLR (Racimo 2016 ) and the ABC approach for detecting ancient selection than 23 expected by chance (P-values<0.05; Supplemental Table S5 ).
Since positive selection acts on advantageous phenotypes that are caused by changes to functional 2 elements in the genome, we would expect that our candidate regions overlap functional elements in the 3 genome more often than expected. 4 We first tested this hypothesis by counting the overlap between sweep candidate regions and protein 5
coding genes (Ensembl release 82)(Aken et al. 2016). We find no statistically significant overlap of 6 ELS regions with protein coding genes compared to randomly placed regions of the same size (P-7 value = 0.671 and 0.124, for core and extended set, respectively; Figure 6A ). Previous work has 8 identified 96 proteins that carry human fixed derived non-synonymous changes compared to 9
Neandertal and Denisova, which constitute a particularly interesting subset of potentially functional 10 changes to genes that may have been caused by selective sweeps (Prüfer et al. 2014 ). We found no 11 overlap between these genes and the core set of sweep candidate regions that were identified by both 12 recombination maps. However, when considering the extended set of sweep candidate regions, 11 13 regions overlapped such genes: ADSL, BBIP1, ENTHD1, HERC5, KATNA1, KIF18A, NCOA6, 14 PRDM10, SCAP, SLITRK1 and ZNHIT2. This overlap is significantly larger than expected by chance 15 (only 2 genes are expected on average; P-value < 10 -3 ). In all instances, the candidate regions 16 contained at least one fixed amino acid change. Since fixed changes are part of the information used to 17 infer external regions, it stands to reason that the presence of such a change may bias towards 18 observing an overlap with candidate regions (72/81 core regions and 275/314 regions from the 19 extended set contain fixed changes). However, we note that the overlap with fixed amino acid changes 20 is also significantly larger than the overlap with other fixed changes (963 of 20347 fixed changes fall 21 within candidate regions from the extended set; binomial P-value=0.006). 22
Phenotype may also be influenced by regulatory changes that affect gene expressions. Interestingly, 23
we found a significant enrichment for regions overlapping enhancers and promoters (P-value<0.001
and P-value=0.002, respectively; see Figure 6A ) when considering the extended set of 314 candidate 1 regions. However, this enrichment was not significant for the smaller core set of candidates. 2
To further investigate the biological function of our regions, we tested for Gene Ontology enrichment 3 in genes within the extended set of regions. No category showed significant enrichment when 4 comparing to randomly placed regions of identical sizes in the genome (see Supplemental Methods). 5 We also assigned genes that overlap our extended dataset to tissues in which they show the 6 significantly highest expression and found again no enrichment (Supplemental Table S6 ). In an 7 attempt to include potential regulatory changes in the enrichment test, we assigned genes to candidate 8 regions when a region fell upstream or downstream of a gene (see Supplemental Methods). Although 9 many candidate genes that were annotated in this way were expressed highest in the brain or the heart 10 (Odds ratio=2.10 for both tissues), this enrichment is not significant when correcting for gene length 11
and multiple testing (Familly-wise error rate=0.336 and 0.997 respectively, Supplemental Africans and show evidence for re-introduction by admixture using a map of Neandertal introgression 24 (Vernot and Akey 2014) . This level of Neandertal ancestry is comparable to the genome-wide fractionof out-of-Africa ancestral alleles at African fixed derived sites (~26%; bootstrap P-value=0.583). We 1 also find no significant reduction in frequency of Neandertal ancestry around candidate substitutions 2 in sweep regions, when comparing one randomly sampled fixed African substitution per region against 3 random regions matched for size and distance to genes (Supplemental Figure S5 and S6) . 4 If selection against the re-introduction of an ancestral variant were very strong, selection may have 5 depleted Neandertal ancestry in a large region surrounding the selected allele. Interestingly we find 6 some of our sweep candidate regions that fall within the longest deserts of both Neandertal and 7
Denisova ancestry (Supplemental Table S8 Here, we introduce a hidden Markov model to detect ancient selective sweeps based on a signal of 18 extended lineage sorting. Using simulations we were able to show that the method can detect older 19 events of selection as long as the selected variant was sufficiently advantageous. The power to detect 20 older events is due to the fact that the method increases in power with the number of mutations that 21 accumulated after the sweep finished. We also showed that background selection can cause false 22 signals and have chosen a minimum length cutoff on candidate regions. While this cutoff reduces the 23 number of false positives due to background selection, we note that this cutoff is expected to exclude 24 bona fide events of positive selection, too.
We applied the ELS method to 185 African genomes, the Altai Neandertal genome and the Denisovan 1 genome, and detected 81 candidate regions of selection when requiring a minimum genetic length 2 supported by two independent recombination maps. The uncertainty in the recombination maps has a 3 large effect on our results, as shown by the much larger number of 314 regions identified by either 4 recombination map. Recombination rates over the genome are known to evolve rapidly (Lesecque et 5 al. 2014) and of particular concern are recent changes in recombination rates that make some regions 6 appear larger in genetic length than they were in the past. By comparing the current recombination 7 rates in our regions to recombination rates in the ancestral population of both chimpanzee and humans 8 (Munch et al. 2014), we identified some candidate regions that may have increased in recombination 9 rates (Supplemental Table S9 ). However, it is currently impossible to date the change in 10 recombination rates confidently and these candidate sweeps may post-date the change. 11
A particular strength of our screen for selective sweeps is the ability to detect older events, as 12 indicated by the estimated power to detect simulated events of positive selection of old age and 13 moderate strength. This sets the ELS method apart from previous approaches that made use of archaic 14 genomes, which were geared towards detecting younger events with an age of less than 300,000 years 15 ago (Racimo 2016; Racimo et al. 2014) . Despite this difference, we found significant overlap between 16 the ELS candidates and the candidates identified by these other approaches, while the overlap with 17 other types of positive selection scans is smaller. Among our candidates, 55 are novel candidates (234 18 if considering the extended set) that were not detected in any of the previous screens, including 19 previous versions of the screen without fixed differences (Supplemental Figure S7) . http://www.well.ox.ac.uk/~anjali/). Both maps were chosen since they estimate recombination rates 7 from events that occurred within a few generations before present. Recombination maps based on 8 older events (i.e. LD based map) can underestimate recombination rates in regions that underwent 9 recent selective sweeps, potentially masking true signals. 10
We would like to estimate for each informative position the probabilities for the three possible 12 genealogies external (E), internal (I) and extended lineage sorting (ELS) given the observed data. given the same observation. Since external regions are not expected to give rise to derived sites when 5 the derived allele is segregating in modern humans, the only sources for such an observation can be 6 errors or independent coinciding identical mutations and we define an error rate for external regions: 7
. Similarly fixed derived sites are expected to show the derived allele 8 in the archaics if the local genealogy is internal and we define an error rate for internal regions: 9
We compute the posterior probability Neutral simulations were generated with the coalescent simulator scrm (Staab et al. 2014 ) and give a 1 good match to our observed data when plotting derived allele frequency in modern humans against the 2 proportion of derived alleles in the outgroup (Supplemental Figure S8) . Simulations with positive 3 selection were generated with the coalescent simulator msms (Ewing and Hermisson 2010) and 4 background selection was explored using forward in time simulations generated by SLiM (Messer 5 2013) . Further details on simulation parameters are given in the Supplemental Material. 6 A
To compare our sweep screen with previous scans, we downloaded candidate regions from the 1000G 8 positive selection database (Pybus et al. 2014 ). Only candidates with a P-value lower than 0.001 were 9 considered. We added to this set of regions the top reported regions from a HKA scan (Cagan et al. To statistically test the overlap of our regions with these annotations, we randomly placed regions of 1 similar physical sizes in the parts of the genome that passed our quality filters. Quality filtered regions 2 that were smaller than the longest gap present in our candidate ELS regions were regarded as 3 sufficiently short to not prohibit the placement of regions. 4
Changes of recombination rates along the human lineage could limit our power to detect selected 5 regions, and we used an ancestral recombination map of the human-chimpanzee ancestor to annotate 6 top candidate regions (Supplemental Table S9 ) (Munch et al. 2014 ). 7
Finally, we further characterized fixed or nearly fixed human-specific changes within the candidate 8 regions using annotations of histone marks (enhancers, promoters), eQTLs, transcription factor 9 binding sites and conservation scores (Supplemental File S3). 10
The software and input files used in this study have been made available through the website 12 http://bioinf.eva.mpg.de/ELS/ and https://github.com/StephanePeyregne/ELS/. A version of the source 13 code is also available as Supplemental Code in the online version of this article. 14
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